[1] A new ocean reanalysis that covers the period from 1871 to 2008 is used to explore the time-evolving characteristics of El Niño. The new reanalysis assimilates all available hydrographic and sea surface temperature data into a model of the global ocean forced with surface boundary conditions from an atmospheric reanalysis that also covers the period from 1871 through 2008. Using traditional measures of El Niño, our reanalysis shows that the timing of El Niño events is in agreement with sea surface temperature reconstructions, but El Niño in the reanalysis is stronger, particularly from 1871 to 1920. A new index based on the first moment of the temperature anomaly is introduced. The new index is used to characterize the strength and location of El Niño events and has the advantage that it is independent of the location of El Niño. Using the new index, El Niño in the reanalysis shows prominent decadal variability of strength but relatively little longterm trend. El Niño events were strong in the last part of the 19th century and first part of the 20th century and again in the latter part of the 20th century, with weak El Niño events in the middle of the 20th century. The location of El Niño also varies considerably, ranging from the western to the eastern Pacific near the coast of South America. However, the null hypothesis that the location of El Niño can be represented as a random distribution about a central longitude of about 140°W cannot be rejected.
Introduction
[2] Over the past 2 decades our understanding of the mechanisms that control the structure of El Niño has increased tremendously. There are now comprehensive theories that describe the timing, the duration, and the sea sonality of El Niño events [Cane and Zebiak, 1985; Schneider et al., 1995; Goddard and Philander, 2000; Meinen and McPhaden, 2000; Cane, 2005] . Despite this comprehensive analysis of what might arguably be the most studied mode of climate variability, there is far less under standing of its long-term variations. Since El Niño brings about worldwide consequences such as suppressed summer monsoon precipitation over the Indian peninsula and parts of Australia [Rasmusson and Carpenter, 1983; Ropelewski and Halpert, 1987; Power et al., 1999] , precipitation anomalies across North America [Ropelewski and Halpert, 1986] , and decreased North Atlantic tropical cyclone and hurricane activity [Pielke and Landsea, 1999; Fedorov et al., 2010] , it is clearly important to document and describe changes in El Niño.
[3] There are numerous published articles that describe trends and decadal variations in El Niño. These variations include changes in El Niño frequency [Trenberth and Hoar, 1996; An and Wang, 2000] , El Niño strength Vecchi and Wittenberg, 2010] , and the location of warming during El Niño [Yeh et al., 2009] .
[4] Several studies document a change in the frequency of El Niño, most prominently in the last few decades [An and Wang, 2000; Trenberth and Hoar, 1996] . Mitchell and Wallace [1996] , An and Wang [2000] , and Fedorov and Philander [2000] show a weakening of easterlies west of the dateline and a change in the periodicity of El Niño from about 3 years to about 5 years coincident with a deepening of the thermocline [Fedorov and Philander 2000] from the 1960s to the 1990s.
[5] In addition to evidence of the changing frequency of El Niño, recent papers have also proposed that El Niño has strengthened in recent years [Gu and Philander, 1995; Hoar, 1996, 1997; Vecchi and Wittenberg, 2010] . These changes are sometimes described as resulting from (or contributing to) decadal variability. Other studies characterize the change in strength as a trend, possibly related to global warming [Trenberth and Hoar, 1996; Timmermann et al., 1999; Fedorov and Philander, 2000; Vecchi et al., 2006; Power and Smith, 2007] .
[6] The cause for increased frequency or increased strength of El Niño has often been ascribed to changes in the mean state of the Pacific Ocean associated with a weakening of tropical Pacific atmospheric circulation [Wang and An, 2001; Vecchi et al., 2006] , possibly in response to global warming [Power and Smith, 2007; Ye and Hsieh, 2008; Yang and Zhang, 2008; Vecchi et al., 2008; Collins et al., 2010] . A change in the mean state of wind and thermo cline depth can determine which dynamical state the evo lution El Niño would follow. Fedorov and Philander [2000] and Philander and Fedorov [2003] show that a deep ther mocline with strong winds in the east favors the delayed oscillator mode in which the sea surface temperature varia tions occur in response to the vertical movement of the thermocline. A shallow thermocline favors a local mode in which the SST (sea surface temperature) variation is affected by cold water entrained across the thermocline.
[7] The cause of such decadal changes could be complex, involving a wide range of timescales. For example a change of anomalous westerlies in the western equatorial Pacific at the onset phase of an El Niño might induce changes in the timing of the coastal warming off the South American coast [Wang, 1995] . Recent studies emphasize the importance of tropical Pacific Ocean circulation and, in particular, the role of subtropical cells, as a mechanism linking wind stress variations and tropical Pacific SST [Nonaka et al., 2002; Capotondi et al., 2005] . In addition to changes in the tropical Pacific, remote forcing, such as midlatitude changes [Kleeman et al., 1999] and weakening of the Atlantic ther mohaline circulation [Timmermann et al., 2005] , have also been cited to be possible reasons for decadal changes in El Niño-Southern Oscillation (ENSO).
[8] There have also been recent studies that suggest that the location of El Niño warming has changed in recent years. For example, Wang [1995] notes a decadal change in wind anomalies and position of the SST anomaly at the onset of El Niño. Since the location of El Niño warming can have a profound effect on teleconnection patterns such as failure of the Indian monsoon [Kumar et al., 2006] and in the temperature and precipitation over the United States [Ashok et al., 2007; Kim et al., 2009] , change in the struc ture of El Niño has the potential to have a profound impact on Earth's climate.
[9] Recent studies suggest that it is not just that the location of El Niño varies but that there are, in fact, different kinds of El Niño [Wang, 1995; Trenberth and Stepaniak, 2001; Larkin and Harrison 2005; Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009] . Although the names and definitions of these El Niño types are slightly different, they all describe a central Pacific El Niño in which the warmest SST anomaly occurs in the western central Pacific, and an eastern Pacific type, the canonical El Niño type in which the warmest SST anomaly extends away from the South American coast to the central Pacific. Larkin and Harrison [2005] calls it a dateline El Niño, whereas Ashok et al. [2007] Kao and Yu [2009] . In a recent study, Lee and McPhaden [2010] use a record of El Niño from 1982 through 2009 to suggest that the central Pacific type of El Niño is increasing in strength. Since El Niño occurs at intervals of about 4 years, all of these studies are based on relatively few members.
[10] Our ability to document and describe the change of El Niño is severely hampered by a lack of observations in the tropical Pacific Ocean before the 1950s. This lack of observations makes it difficult to differentiate between trends and long-term variability given the short length of data records for much of the oceans. This problem is particularly acute in the tropical and Southern Hemisphere oceans for which comprehensive ocean temperature observations exist at best only in the second half of the 20th century. As a result of limited observations, scientists often rely on sea surface temperature (SST) reconstructions [Kaplan et al., 1998; Rayner et al., 2003] , which combine temporal records of SST at a few locations with typical spatial patterns of SST observed in later decades of more abundant data. A limitation of this methodology is that it assumes that the spatial patterns of SST variability do not change over time.
[11] An alternative method is to use an ocean model in conjunction with data assimilation to estimate the state of the oceans. Data assimilation schemes have been developed to optimally merge sparse observational data sets with stateof-the-art ocean models to provide an estimation of the time-evolving state of the oceans. One such assimilation product is simple ocean data assimilation (SODA), which has been developed to study ocean climate variability on time scales that range from seasons to decades over the period from 1958 to 2007 [Carton et al., 2000a [Carton et al., , 2000b Carton and Giese, 2008] . These studies, particularly for decadal time scales, are hampered by the relatively short duration of the reanalysis.
[12] Until recently, it was not possible to model the state of the tropical Pacific Ocean before the 1950s, primarily because of the lack of surface meteorological forcing data. However, a new reanalysis data set (designated 20CRv2 [Whitaker et al., 2004; Compo et al., 2006] ) of the atmo spheric circulation for the period 1871 through 2008 pro vides us with this missing atmospheric forcing data set and allows us to model the ocean state starting at the beginning of the 20th century. We use the 20CRv2 atmospheric reanalysis data set to force the SODA global ocean model. The result is an oceanic reanalysis for the period from 1871 to 2008. In this paper we use this new ocean reanalysis to describe the evolving nature of El Niño.
Methods

Simple Ocean Data Assimilation
[13] For this study we use the SODA methodology [Carton and Giese, 2008] , including the Parallel Ocean Program (POP) ocean model and the SODA software. Two experiments were carried out for this study; SODA 2.2.4, which uses data assimilation, and SODA 2.2.0, identical to the first except without data assimilation. The ocean model is based on POP version 2.0.1 numerics [Smith et al., 1992] with a horizontal resolution that is on average 0.4° × 0.25° and with 40 levels in the vertical. The grid is distorted in northern latitudes to allow for a displaced North Pole (in order to resolve the Arctic Ocean) and meridional resolution increases in the poleward direction to reduce the grid anisotropy that comes about in Mercator coordinate grids due to the convergence of meridians at high latitudes. Vertical mixing uses the K-profile parameterization, while horizontal mixing is biharmonic. Rivers are included with climatological seasonal discharge. There is no explicit sea ice model although surface heat flux is modified when the surface temperature reaches the freezing point of seawater. This model has been used in past versions of the SODA ocean reanalysis [Carton et al., 2000a [Carton et al., , 2000b Carton and Giese, 2008] .
[14] The assimilation is carried out sequentially using a 10 day update cycle with model error covariances deter mined from a simulation that does not include assimilation. The error covariances evolve in time as a function of the local velocity field and mixed layer depth. Updating is done incrementally following Bloom et al. [1996] to suppress excitation of spurious variability. Output variables are averaged every 5 days, and are then mapped onto a uniform global 0.5° × 0.5° horizontal grid using the horizontal grid spherical coordinate remapping and interpolation package of Jones [1999] .
[15] The ocean model surface boundary conditions are provided from a new atmospheric data set [Whitaker et al., 2004; Compo et al., 2006 Compo et al., , 2008 designated as 20CRv2. The surface wind stress from 20CRv2 is used in the ocean model for the surface momentum fluxes. Solar radiation, specific humidity, cloud cover, 2 m air temperature, precipitation and 10 m wind speed from 20CRv2 are used for computing heat and freshwater fluxes.
[16] The atmospheric reanalysis includes only surface observations of synoptic pressure and monthly SST and sea ice distribution from the HadISST 1.1 data set [Rayner et al., 2003] . The atmosphere reanalysis uses a state-ofthe-art data assimilation methodology called the ensemble filter described by Whitaker and Hamill [2002] . This reanalysis relies on a model similar to that used in the original National Center for Environmental Prediction/ National Center for Atmospheric Research (NCEP/NCAR) reanalysis with a 192 × 94 horizontal Gaussian grid [Kalnay et al., 1996] . Differences between the construction of this new reanalysis and the NCEP/NCAR reanalysis include limiting the observation set to only sea level pressure ob servations and SST, and use of an upgraded ensemble Kalman filter data assimilation algorithm. The limited observation set is used to reduce the appearance of spurious climate signals created by changes in the observing system which has limited the use of the NCEP/NCAR reanalysis for studies of decadal variability [Sturaro, 2003; Pohlmann and Greatbatch, 2006] .
[17] We are particularly interested in ENSO, and so we begin by comparing the 20CRv2 surface wind stress with wind stress from ERA-40 [Uppala et al., 2005] that has been used in prior SODA reanalyses [Carton and Giese, 2008] . Monthly mean zonal wind stress in the Nino 4 region (160°E to 150°W and 5°S to 5°N) is shown for 20CRv2 and ERA-40 in Figure 1 . For the period for which they overlap the two wind products agree very well in the Nino 4 region. Both capture the large ENSO events of 1982/ 1983 and 1997/1998 , and both contain what looks like lower frequency variability. The two products are highly correlated (r = 0.86) in the period for 1958-2001, during which they overlap. Both wind products also have a trend, with the zonal wind in the Nino 4 region getting progressively stronger. This trend is not only apparent when both products are present , but is also apparent in the first half of the 20th century in the 20CRv2 winds. In the first part of the record, from 1871 to about 1900, there is a slight weakening of the easterly trade winds.
Data
[ 18 substantially updated from previous versions. Using the standard level data means that the expendable bathyther mograph (XBT) and mechanical bathythermograph (MBT) observations used in SODA have been corrected for the fall rate error as described by Levitus et al. [2009] . The impact of this bias correction on an ocean reanalysis system is described by Giese et al. [2011] and has a significant effect on reducing decadal variability, particularly in the North Pacific Ocean. Here we review the spatial and temporal distribution of these data because these factors have a strong influence on what we may expect from a data assimilationbased reanalysis.
[19] In the decade 1900-1909 the majority of the roughly 8000 temperature/salinity profiles available in WOD09 were collected using instruments such as reversing thermometers and bottles, and are confined to the North Atlantic and adjacent Norwegian Sea. Of these, three fourths have depths shallower than 200 m, and only a relative handful reach 1000 m. By the decade 1920-1929 the observing system had expanded significantly throughout the Atlantic due to data collected during the Meteor expeditions [Defant, 1981] (see Arbic and Owens [2001] for comparisons to later sec tions) and had begun to expand in the western North Pacific although there are few measurements in the tropical Pacific Ocean (see Figure 2a) .
[20] In the 1930s the number of profiles in the western North Pacific continued to grow. The corresponding set of SST measurements is most extensive along ship routes in the northern oceans and, interestingly, across the northern Indian Ocean.
[21] In the late 1930s and 1940s (Figure 2b ), use of the MBT leads to a gradual increase in coverage throughout the oceans although with much of the additional data at depths shallower than 300 m. In the late 1940s Ocean Weather Station time series were set up in the North Atlantic and Pacific oceans [e.g., Østerhus and Gammelsrød, 1999] , while the XBT came into use in the late 1960s. This instrument is more convenient to launch than the MBT and reaches greater depth (typically 450 or 780 m) but is known to suffer from bias in the depth estimates [Hanawa et al., 1995; AchutaRao et al., 2006] .
[22] In recent decades, ocean observing systems have increased dramatically with the expansion of Volunteer Observing Ship XBT routes, the World Ocean Circulation Experiment, deployment of the Tropical Ocean Atmosphere/ Triton mooring array and its sister arrays in the Atlantic and Indian oceans, the Global Drifter Program, and the imple mentation of the Argo profiling system (compare Figure 2d and 2c).
[23] The problem of limited hydrography in the first half of the 20th century is ameliorated to an extent by the use of SST. For SST observations we use data from ICOADS release 2.5 [Woodruff et al., 2011] . The SST data coverage (shown in Figures 3a-3d) , particularly in the first half of the 20th century, is considerably greater and covers a greater portion of the globe than the hydrographic data. In addition to assimilating temperature and salinity profile data we have analyzed the WOD09 data combined with ICOADS in situ SST to extract mixed layer properties such as temperature, depth and barrier layer distribution. Data are assimilated into the mixed layer using a method (described by ) that helps the model maintain mixed layer properties (mixed layer depth, distribution of barrier layers, etc.). SODA employs a mixed layer formulation in the assimila tion of SST, so that in regions of deep mixed layer the surface information extends deeper into the ocean. This has an important impact on quantities such as heat content and sea level height, for which the surface information, while being important is not sufficient to reproduce the structure of these depth integrated quantities.
Results
Data Thinning Experiments
[24] We explore the impact of the changing observation coverage on the reanalysis by conducting a series of data thinning experiments, in which we reduce the spatial data coverage of the 1990s as though observed in the 1920s, 1940s, and 1960s. We do this by finding the latitude and longitude of observations in earlier decades and then finding a corresponding observation in the 1990s. In addition we limit the 1990s observation to the depth range of the earlier observation. The initial and surface boundary conditions are identical in all of the experiments; the only difference is the amount of data going into the assimilation. For these experiments we use climatological forcing, so that we can isolate the data as a contributing factor to interannual vari ability. We also conduct an experiment with no data assimilation as a comparison.
[25] The impact of varying data density in the thinned experiments is summarized in Figure 4 which shows the RMS difference in the tropical Pacific Ocean (120°E to 70° W and 5°S to 5°N) between the thinned experiments and the control run which uses all of the data from the 1990s. The no assimilation case is shown in black, the 1920s case is shown in red, the 1940s case is shown in green, and the 1960s case is shown in blue. The dashed line shows the expected error between two runs that are identical except for different initial conditions. We do not expect agreement to consistently exceed this level. The results presented in Figure 4 show that the data present in the 1960s are suffi cient to capture SST variability as well as the 1990s. There is more error in the 1920s and 1940s; however, in both cases the error is much less than for the case where no data are assimilated. Even in times of relatively sparse data coverage, the assimilation of data adds value to the reanalysis. In section 3.2 we also address the issue of model bias by comparing the assimilation run with an identical run, but without assimilation.
Niño 3.4
[26] We begin by exploring SST anomalies in the Niño 3.4 region (averaged from 170°W to 120°W and from 5°S to 5°N) associated with ENSO for the period from 1871 to 2008. To construct the time series of temperature anomaly, climatology must first be removed. For short records it is clear that this climatology should be calculated using the entire record. For longer records, in which there may be prominent trends or variability, it is less clear over which period the climatology should be calculated. Since we are interested in the low-frequency (decadal) behavior of ENSO, we attempt to remove low-frequency variations in the climatology from the time series, so that we retain only the interannual component. We do this by allowing the climatology, from which the SST anomalies are constructed, to evolve as a function of time. SST in the Nino 3.4 region is shown in Figure 5a . The actual SST is plotted in black, and a climatology based on an 11 year moving window is plotted in red. For the first and last 5 years a constant climatology is used based on the first and last 11 years, respectively. Although there are periods of time, for example, from 1890 to 1910, when the mean Nino 3.4 SST is higher than the long-term average the climatology is actually fairly constant across the entire record. This approach, similar to that used by Fedorov and Philander [2000] , creates a climatology that is long enough that it does not get distorted by strong El Niño events, but is short enough to remove much of the decade-to-decade variability and trends that make it difficult to analyze interannual variability.
[27] In Figure 5b we show Niño 3.4 SST anomaly cal culated with both the 11 year moving window climatology and the climatology calculated using the entire record. Using the 11 year moving window climatology reduces the amplitude of El Niño events in the last part of the 19th century and the beginning part of the 20th century by about 0.5°C and warms El Niño events from 1919 to 1960 by about 0.25°C. The El Niño events after 1980 are largely unaffected by using the 11 year moving window climatology.
[28] The NOAA definition of El Niño years is when the Niño 3.4 SST anomaly exceeds 0.5°C for 3 consecutive months. By this measure 1877 is the strongest El Niño with an SST anomaly of 3.5°C, followed by 1997 (2.8°C). Although the Nino 3.4 index is a well-accepted measure of El Niño, it is fixed in space and so in many ways is not a good measure if the structure of El Niño varies.
[29] The Nino 3.4 SST anomaly from SODA 2.2.4 and from HadISST is shown in Figure 5c . The most striking aspect of the two lines is their high correlation (r = 0.9). In the latter half of the 20th century it is expected that the two estimates of SST should agree because the same observa tions are used in both analyses. But in the first half of the record there is not nearly as much data available, and it is not clear that there should be such good agreement.
[30] The number of observations that go into the Nino 3.4 SST reconstruction are limited in the first half of the 20th century. Thus, during these early years the Nino 3.4 SST reconstruction relies heavily on assumed geographic pat terns together with SST observations outside of the Nino 3.4 region and thus should be considered tentative.
[31] In fact, closer inspection of Figure 5c shows that there are considerable differences between SODA 2.2.4 and HadISST in the first half of the 20th century. It is not that the two products disagree about whether there was an El Niño, but they disagree with respect to the strength and location of the El Niños.
[32] SODA 2.2.4 shows an extraordinary period of time, from 1890 to 1920, during which there were frequent powerful El Niño events, with four of these events as strong as the El Niño events in the last half of the 20th century. In particular, the reanalysis reaffirms the strength of the 1918/ 1919 El Niño described by Giese et al. [2010] as being one of the strongest of the 20th century. Although the reanalysis and the HadISST reconstructed SST agree about the strength of some of these events, the reanalysis shows that the four strongest El Niño events during this period are 0.5° to 1°C larger in the reanalysis than in the reconstruction.
[33] The reanalysis also shows that there are strong La Niña events at the beginning of the 20th century, another feature in common with the latter part of the 20th century. In between these two periods of strong El Niño events is a lengthy period, from 1920 to 1970, during which El Nino events appear to be weaker. Interestingly, the La Niña events in the middle of the 20th century are weak as well.
[34] An inspection of the spatial patterns of SST anomaly shows that there are considerable event-to-event differences in the structure of El Niño events. The December-JanuaryFebruary (DJF) SST anomaly for the two largest El Niño events on record from SODA 2.2.4 and HadISST are shown in Figure 6a and 6b for the 1877/1878 El Niño and Figures  6c and 6d for the 1997/1998 El Niño. As might be expected, when there are ample data, for example, during the 1997/ 1998 El Niño, the two products agree quite well in terms of the location and amplitude of warming. In contrast, during the 1877/1878 El Niño for which there are only sparse ob servations, the location of the El Niño is quite different in the two products. [35] The HadISST El Niño of 1877/1878 shows an El Niño event that is markedly similar to the El Niño of 1997/1998 (compare Figures 6a and 6c) . The two El Niños are different in the SODA reanalysis, with the largest SST anomalies in 1877/1878 displaced to the west of the coast of South America. These contrasting El Niño events highlight two issues of concern for the historical representation of El Niño. By design the HadISST reconstruction relies on SST anomaly patterns obtained in periods of dense observations to extrapolate into regions of sparse observations in earlier years.
[36] The second issue of concern is that it is apparent that Nino 3.4 SST anomaly may be an inaccurate measure of El Niño strength when the El Niño is not located in the Niño 3.4 region. For example, Figure 5c shows that the 1877/ 1878 El Niño is stronger than the 1997/1998 El Niño using Nino 3.4 as an indicator of El Niño strength, whereas Figures 6b and 6c suggest that the 1997/1998 El Niño is as strong, or stronger than, the 1877/1878 El Niño. In fact, some other indices such as the Trans Nino index [Trenberth and Stepaniak 2001] and El Niño Modoki index [Ashok et al., 2007] have been defined to capture the structurally variable nature of El Niño.
Center of Heat Index
[37] In an attempt to formulate an index that is more representative of spatially varying El Niño, we calculate the first moment of the SST anomaly, which we call the center of heat index (CHI). The new index is based on the location of SST anomalies greater than 0.5°C within a strip that spans the tropical Pacific (from 120°E to 70°W and from 5°S to 5°N). The index gives the temperature-weighted center (in terms of longitude) of the area over which the warm anomaly (>0.5°C) exists only if this warm area is greater than or equal to the area of the Niño 3.4 region. The CHI has three com ponents: the CHI longitude given by sst anom x longitude CHI longitude ¼ P P ð1Þ sst anom where sst_anom is the SST anomaly > 0.5°C subject to the constraint that the total area of SST anomaly (CHI area) is where area is the area of temperature anomaly > 0.5°C.
[38] The CHI amplitude is plotted in Figure 7a for the period from 1871 through 2008. The CHI amplitude shows prominent decadal variability of El Niño, with strong El Niño events from the beginning of the record to about 1920 and again from about 1970 to the end of the 20th century. In between, from 1920 through the 1960s there are fewer, and weaker, El Niños. It is interesting to note that the period from 1930 to 1940 is fairly unique in the time series for a distinct lack of El Niños.
[39] The central location of the warm anomaly (CHI longitude) is shown in Figure 7b , and also shows consid erable variability. In this plot the strength (CHI amplitude) of the El Niño is represented by the size of the circle centered at the CHI longitude. El Niños are centered at longitudes from just east of the dateline to 100°W. There is a tendency for El Niño events, particularly strong events, to be farther to the east in the second half of the 20th century, but weak events in the central and western Pacific occur throughout the record. Unlike CHI strength, there is not a clear indi cation of a decadal signal although there is a very modest eastward trend of the CHI longitude. The area covered by anomalous warm water is shown in Figure 7c , and as for CHI longitude, the radius of the circle is scaled proportional to CHI amplitude. CHI area shows that El Niño events have a wide range of areas; however, it is clear that weak El Niños tend to cover smaller areas. There is a clear indication of a trend suggesting that in recent years strong El Niños cover less area than in the beginning of the record. For example the 1997/1998 El Niño covers much less surface area than the 1877/1878 El Niño, even though they are comparable in amplitude.
[40] The CHI indices can also be used to evaluate La Niña events by replacing the 0.5°C criteria with −0.5°C. The CHI amplitude, longitude, and area for La Niña events are shown in Figures 8a-8c . Interestingly, there is considerably less variability, both in terms of a trend or decadal variability for cold events. La Niña events tend to be more uniform for all three CHI characteristics, with little distinguishable varia tion across the 138 year record.
[41] The El Niño and La Niña events are summarized in Tables 1 and 2. Table 1 contains a listing of the CHI amplitude for El Niño and La Niña events from 1871 through 2008. To qualify as an El Niño, the CHI ampli tude must be above 0.5°C for 5 consecutive months. There is a propensity for El Niño events to peak in northern winter of year 0 (using the terminology of Rasmusson and Carpenter [1982] ), consistent with previous descriptions of El Niño. However, the month of highest anomaly is also highly variable, with peak anomalies occurring as early as March year 0 (1905 March year 0 ( , 1953 to as late as August year 1 (1986).
[42] Table 2 presents a summary of Table 1 and highlights the individual El Niño and La Niña events. Using CHI amplitude to measure El Niño strength the 1997/1998 event is strongest with a peak anomaly of 2.9°C, followed by the 1876/1877/1878 El Niño with a peak anomaly of 2.7°C. Other notable El Niños include the 1982/1983 El Niño (2.3°C), 1972/1973 El Niño (2.0°C), and others with less than 2°C of warming. The mean strength of El Niño is 1.4°C and has a standard deviation of 0.5°C. Interestingly, the mean of La Niña events is similar, at −1.3°C, but has a much smaller standard deviation of just 0.27°C.
[43] Using the criteria described above as a definition of El Niño results in 33 El Niños in the period from 1871 to 2008, which results in a mean interval of 4.2 years. The mean duration of an El Niño event using the CHI criteria is 12.5 months. However, the duration of El Niño events is highly variable, extending from short events of just 5 months to the long-lived event in 1940-1942 that lasted 27 months. For La Niñas there are only 29 events, giving a frequency of every 4.8 years, but the duration, at 15.2 months, is some what longer than for El Niños.
[44] A question that naturally arises is the extent to which these three CHI constituents are related to each other. In Figure 9a we show CHI amplitude plotted as a function of CHI longitude. Figure 9a demonstrates that weak El Niños can occur at any longitude from just east of the dateline to about 100°W. Strong El Niños, however, tend to occur in the eastern Pacific, with the strongest events occurring between 140°W and 120°W. In Figure 9b we show CHI amplitude plotted as a function of CHI Area. There is a stronger relationship between amplitude and area than for amplitude and longitude, but overall, weak El Niños can have a wide range of areas and strong El Niños tend to be larger in area than small El Niños.
[45] The locations of all values of the CHI longitude are presented as a histogram in Figure 10 for the period from 1871 to 2008. The distribution of the data is Gaussian at the 5% significance level with a p value of 0.1374 and test statistic of 0.0373 when tested against a normal distribution having the same mean and standard deviation as the sample. A Lilliefors test is performed to test the normality of the data. The Lilliefors test is similar to the KomogorovSmirnoff test but does not require a predetermined cumu lative distribution function to test the null hypothesis.
[46] The mean of CHI longitude is 139°W and has a standard deviation of 12.8°. The data have a positive skewness of 0.1123 implying that the peak is shifted toward the central Pacific away from the South American coast. The Gaussian that gives the smallest RMS difference between the CHI and the distribution is plotted as a dashed line in Figure 10 . This Gaussian has a mean of 139°W and a standard deviation of 12.8°. The null hypothesis is that El Niño events have a single mean location, and that the varying longitude of El Niño can be represented as a Gaussian distribution about that mean. The Gaussian that is fitted to the histogram uses the mean of the data (CHI longitude) and a standard deviation, which is the square root of the best unbiased estimate of the variance of the data, Notes to Table 1 : a CHI amplitude is described in the text. To qualify as an El Niño or La Niña, there must be 5 consecutive months for which the CHI amplitude exceeds 0.5°C. DJF, December-January-February; JFM, January-February-March; FMA, February-March-April; MAM, March-April-May; AMJ, April-MayJune; MJJ, May-June-July; JJA, June-July-August; JAS, July-August-September; ASO, August-September-October; SON, September-OctoberNovember; OND, October-November-December; NDJ, November-December-January. considering the data to be a sample of a normal distribution. The fitted Gaussian confirms the uniform location of CHI longitude to be at or around a particular longitude on the equatorial Pacific. Using the Lilliefors test [Conover, 1980] , the distribution in Figure 10 cannot be distinguished from the Gaussian distribution; thus, the null hypothesis cannot be rejected.
[47] We changed the threshold criteria for the area of anomalous warming from being equal to the Niño 3.4 area to half of Niño 3.4 area and we reduced the anomalous temperature criteria from 0.5°C to 0.25°C of anomaly to explore the sensitivity of the distribution to our criteria. Changing the threshold area and temperature to calculate CHI longitude and CHI amplitude does not change the mean of the distribution of CHI longitude by more than a few degrees of longitude. In both cases the distribution cannot be distinguished from Gaussian.
Comparison With HadISST
[48] Figure 11a shows CHI longitude calculated using HadISST plotted as a function of CHI longitude calculated using SODA 2.2.4. The data are separated into two periods; data from before 1950 are plotted in red and data from after 1949 are plotted in blue. The regression for each period is shown as a line. Before 1950 the two products are largely uncorrelated and almost all of the El Niño events in Ha dISST occur to the east of where they occur in SODA. After 1949 the two products are much better correlated although HadISST has the center of El Nino farther east than SODA, particularly for those events that occur in the central to western Pacific in SODA. It is not surprising that the two products agree after 1949 when there is relatively good data coverage. The poor agreement before 1949 could be due to model bias in SODA 2.2.4 or it could be due to errors in the HadISST data set, or it could be a combination of both.
[49] One way to explore the possibility of bias in the model is to compare the assimilation with the simulation (SODA 2.2.0). The CHI longitude data for SODA 2.2.0 are plotted as a function of CHI longitude from SODA 2.2.4 in Figure 11b . In this case, the data from before 1950 show that the two products are very highly correlated, which is expected because when the data are sparse the assimilation has little impact on the model. In the period when there are more data the two products are still highly correlated, but the simula tion shows a tendency for the warm events to be about 5° to the west of the warming in the assimilation. If there was significant model bias in SODA 2.2.4, we would expect poor agreement after 1949.
[50] A similar analysis, but for CHI amplitude, is pre sented in Figures 12a and 12b . As for CHI longitude, when there is good data coverage, after 1949, the SODA 2.2.4 and HadISST (Figure 12a ) products agree very well in terms of the strength of El Niño events. Before 1950, HadISST has weaker El Niños, which is particularly noticeable for strong events. It is interesting that before 1949, SODA and HadISST agree well about the amplitude of El Niño, but disagree about their position. The comparison between the simulation and the assimilation (Figure 12b) shows fairly good agreement both before 1950 and after 1949, which means that model bias in SODA does not significantly impact the reproduction of the strength of El Niño.
Summary and Conclusions
[51] We present results from a new ocean reanalysis that covers the period from 1871 to 2008 to explore the changing nature of El Niño. The new reanalysis (SODA 2.2.4) is similar to previous SODA reanalyses, except that it uses the 20CRv2 surface boundary conditions for momentum fluxes and for the variables used in the bulk formulae for heat and freshwater fluxes and does not use satellite observations. As in other SODA reanalyses we use all available hydrographic temperature and salinity observations from WOD09 ] and SST observations from ICOADS 2.5. Since Figure 10 . Histogram of CHI longitude (see Figure 7b) . A Gaussian curve with the same mean and standard deviation as the CHI longitude is shown as dashed curve.
we use the standard level data from WOD09, we include the Levitus et al. [2009] corrections for XBT and MBT bias.
[52] Using Niño 3.4 SST anomaly as an indicator of El Niño, we show that the timing of El Niño in the reanalysis is very similar to the timing of El Niño in the HadISST reconstruction. However, the amplitude of El Niño is larger in the reanalysis. One reason for the discrepancy in amplitude between the two products is that the HadISST reconstruction relies on empirical orthogonal functions (EOFs) that are based on data from the last half of the 20th century, when there were ample observations. The record of El Niño from the reanalysis shows that many of the El Niño events from the first half of the 20th century occurred farther to the west than events in the second half of the 20th century, in a region for which there are few observations. Using the near-coastal observations and projecting onto the El Niño structure from the latter part of the 20th century likely un derestimates the amplitude of El Niño events in HadISST.
[53] Since using a fixed region measure of El Niño, such as the Niño 3.4 SST anomaly, is clearly unsatisfactory for capturing the differences between El Niño events that occur at different longitudes, we develop a new index to represent El Niño. The new index, CHI, is based on the first moment of the temperature anomaly. The CHI index has three related metrics; it returns the weighted center of heat anomaly, the amplitude of the heat anomaly, and the area over which the temperature anomaly exists. Using the CHI amplitude shows that El Niño has prominent decadal variability, with large El Niños during the last part of the 19th century and during the beginning and end of the 20th century. Relatively weak El Niños characterize the middle of the 20th century, from about 1920 to 1970. Interestingly, La Niña does not appear to undergo these decadal changes in amplitude, with rela tively little change in amplitude over the 140 year period.
[54] There is also considerable variability in the location of El Niño events, with warming occurring from the central to the eastern Pacific Ocean. The location of El Niño does not appear to have the same low-frequency modulation as for the amplitude of El Niño, with a distribution of central and eastern El Niño events throughout the record. In an attempt to quantify the distribution of the location of El Niño events, we compare the distribution with a Gaussian distribution centered near 140W. The null hypothesis, that the distribution of the location of El Niño is randomly dis tributed about a mean value cannot be rejected.
[55] Yeh et al. [2009] extend the discussion of El Niño types to argue that frequency of east Pacific and central Pacific El Niño has changed in response to global warming. However, the Yeh et al. [2009] study relies in part on HadISST reconstructed SST. Because reconstructions rely on EOF patterns of El Niño determined in periods of time for which there are abundant observations (mostly since the late 1950s), the inferred SST patterns in the first half of the 20th century have the east Pacific El Niño embedded into the reconstructed SST. In a study of the 1918/1919 El Niño, Giese et al. [2010] conclude that the 1918 El Niño was considerably different than that represented in the HadISST data set. In contrast with the El Niño as represented by HadISST which shows a modest east Pacific warming, the Giese et al. [2010] model results show a strong warming that is separated from the coast of South America.
[56] Comparing the CHI amplitude with CHI longitude shows that weak El Niño events can occur at a broad range of longitudes, but large El Niño events tend to occur in the eastern Pacific. Likewise, large El Niño events tend to have a larger area, a not entirely unexpected result.
[57] Although the SODA reanalysis shows that there is prominent decadal variability in El Niño, we have not explained the cause of the decadal changes. Philander and Fedorov [2003] show that El Niño is a weakly damped mode of a coupled ocean-atmosphere oscillation sustained by random disturbances such as westerly wind bursts. The properties of the oscillation depend on the background state, either as in a delayed oscillator mode [Schopf and Suarez, 1988; Battisti and Hirst, 1989] both of which depend on the background strength of winds and the depth and gradient of the thermocline. According to Philander and Fedorov [2003] it is these two modes that undergo decadal modulation giving rise to decadal vari ability in El Niño. We hope that ongoing studies using SODA and other ocean reanalyses will shed light on this important topic.
